The challenge of systems management Systems engineering and management are challenged by the increasing complexity and scope of national and international, large-scale projects. This trend across all the main industrial sectors has highlighted our inability to deliver in a timely fashion on many key projects -especially in the military and software sectors. The situation has been reported in the media with regard to UK information management projects, but the trend is evident elsewhere, for example, in the poor performance of USA's weapons acquisition programme, and in the failure of many infrastructure and energy projects to deliver on their key performance indicators (KPIs). It is now clear that new approaches, tools and formal methods are required to meet the challenge of the complex systems we want to construct. The worldwide interdependence of all the major sectors, environment, energy, food, telecoms, fiscal, etc., can only increase, and it will be necessary to extend the penetration of systems management and science correspondingly. Part of the answer will lie with greater use of computer systems for information transfer, feedback and control, but these systems will bring their own problems because of their size and the need to upgrade seamlessly within an environment that, experience shows, contains many large, legacy systems.
What is systems science?
Systems science comprises a cluster of disparate techniques found to be useful in analysing and managing interacting entities, technological and otherwise. Importantly, it has been found that consistent methods can be formulated from the isomorphic characteristics of systems in different sectors to produce abstract models with general applicability. The science is both holistic and reductionist, as all good science should be. In analysing systems the aim is to be holistic, inclusive of all important influences, while giving due (reductionist) attention to the detail of sub-systems that make up the whole. Applicable to both complex and simple systems, systems science models the universe under consideration with symbols and takes measurements in pursuit of its aim to generate a common view of systems and a common set of methods to analyse them. Essentially empirical, the science is concerned with concepts and methods required to understand the static and dynamic nature of all aspects of a system under consideration, from the physical and technical through to the social and physiological. Systems involving physiology and psychology are complex to the extent that complete, non-subjective modelling of the human system may not be possible even in principle. It is also questionable how far it is ethical to submit the human system and human activities to systems analysis. On the other hand, it might be argued that the science has a commitment to the principle of "that which is not measurable -make measurable".
Modern control science is succeeding in modelling and controlling the behaviours of ever more complex systems, but these are mainly of a technical nature -for example, highly complex chemical plant, supersonic aircraft. So while there may be a close isomorphism between systems engineering and control engineering, there has not been equivalent success in analysing and managing more general systems, e.g. economic, project management, of the complexity required in the modern world.
With regard to human systems, modelling of the decision-making process in the control loop is required. Work such as that of von Neumann on utility and game theories and of Arrow on voting choice (his "impossibility theorem") may give a basis for applying sound and transparent decision-making techniques to human systems, the latter where they involve populations large enough to allow robust statistical inference. The systems design, progress and difficulties of large projects with a long time-scale were discussed in the context of the defence sector, which showed clearly the importance and influence of the WSOI. Three examples, the design and build of a frigate, of a destroyer and of a long range radar defence system, each with a different country as customer (and hence a different political system) brought out the potential difficulties. The contractor will tend to hold a common view of the customer's general expectations, but national differences can render this approach invalid. The difficulties this engenders can be compounded by the customer's expectations changing as the project progresses over time.
There are also technical difficulties -often introduced by the customer -for example integrating military 'plug and play' sub-systems from one manufacturer into complex systems supplied by another. But difficulties can arise from a multiplicity of sources: the dynamics of the project, technical difficulty with implementing the design, changes in specification and project creep arising from changing political opinions. Furthermore, modern defence systems are reliant on computer-controlled systems, sometimes with adaptive learning, with its associated problems of certification, and (most often) with humans in the control loop.
There is often an ignorance of the full objectives, with a lack of clarity on the parts of both customer and provider. The primary contractor must then attempt to understand how the customer intends to use a subsystem, a process close to guessing in some instances. The time element cannot be ignored either, with components subject to changing specification over time or even becoming unavailable. On long projects, the contractor must also be prepared for personnel turnover, with knowledgeable people moving on to other jobs or retiring. Moreover, political considerations may play a significant role in the way the project progresses, for example when no country wants to give up sovereignty in a multi-national project.
Against this background, there is a clear need for an overseer, a champion with clear vision and authority. A prime example of this was the Government's appointment of Lord Marshall as the champion for the Sizewell 'B' PWR. The problem was that previous and entrenched Advanced Gas Reactor (AGR) practice had been carried over to the first UK design of Pressurised Water Reactor (PWR). The PWR's inherently more compact nature had been distorted by the specification of additional features, which, while they had added little to the (already high) cost of the AGR, had resulted in a concrete footprint uniquely large and expensive amongst PWRs across the world. Lord Marshall was effectively a super-project manager, and his status and intellectual stature had allowed him to co-ordinate the many bodies concerned with the project, as well as interfacing with the WSOI. His influence and leadership led to a cheaper and technically better British PWR being built at Sizewell.
Experience shows that non-technical problems are at least as important as the technical ones, and it is certainly worthwhile trying to remove contractual obstacles to devising a better system. Attention must be paid to literal interpretations of explicit obligations, and also to implicit obligations. If the contractual obstacles cannot be removed, one should at least consider the implications for time and cost.
Using systems science and systems engineering to evaluate major infrastructure projects Systems complexity can be broadly categorised into the categories: engineering complexity, technology complexity, project complexity and operational complexity. Large infrastructure projects with strong interactions with society often exhibit emerging behaviours which were not considered in drawing up the original KPIs. This can have very serious consequences, as in the Chinese Three Gorges Dam power project, which produces 22 GW(e) -equivalent to a third of UK demand. Here, emergent (and unconsidered) properties were:
-the hold-up of silt, previously used for downstream agriculture -the unanticipated hold-up of effluent -the alteration in the downstream flows, changing the ability to control erosion and flooding. Contractors are employed to work on the SOI, but must understand the WSOI if the project is to be successful. The scope of interest can creep, however, leading to financial collapse.
How can we look at the interfaces? System science brings a range of modelling methods and approaches: static models -good for solving point problems, dynamic models -good for looking at behaviour. The managers of large-scale projects and systems tend to rely on judgement based on experience (perhaps pointing to why we have systems failures!). It is this challenge we need to address: we have as yet no real concept of something so large and complex as these major projects. We need a body of knowledge, and the ability to implement existing formal methods. We also need, as a high priority, modelling methods that can identify the complex emergent properties of a major, modern project.
Combining these WSOI and SOI considerations, a consequence is that the project should be broken into incremental steps for execution with decision points and alternative pathways to completion considered. This is particularly important where there are parties outside the project proper who have an interest in and influence over project decisions, since they tend to have changing priorities, resulting from political or societal considerations.
Modelling complex systems-the human system
There has been a paradigm shift coming from the research-funding agencies towards measuring and quantifying the extent of "wellness" rather than of illness. Wellness means more than just the lack of a specific illness or even set of illnesses, and requires measurements of multiple parameters. Unfortunately, there is a general lack of awareness of the need for measurement in medicine and how to do it. Self-evidently, chronically ailing people spend most of their time in the normal environment, not in hospital. Records are taken of their state of health mostly when they visit their general practitioner, and, by their nature, such records are episodic, and consist of the GP's notes. Clearly a more systemic and systematic approach will be needed before a sophisticated indicator like wellness can be quantified in a meaningful way across different people.
Real-time measurements are exploited well in the hospital environment. The typical intensive-care facility has complex instrumentation covering a variety of parameters: temperature, blood flow, electrical impulses and so on. But real-time measurement of physiological parameters needs to move out into the normal environment. There are initiatives to effect this, such as the "Assisted Living" scheme, which encompasses a national IT programme to enable patients to be monitored within their own homes.
However, one of the key problems met in developing and rolling out measurement of wellness in the home is the lack of appreciation on the part of medical staff of the potential benefits. Medical staff will need to understand and implement their contribution to the process, but getting the message across is difficult. For example, medical schools have a tightly defined curriculum and there is no space for a systems module. So at the moment medical practitioners tend to have their favourite set of measurements, and may be suspicious of the extra readings needed. Historically the GP acted as a systems engineer in that he knew the life-cycle of his patient, but such an approach is difficult when a consultation with a GP lasts only 7 minutes. This can be and is being addressed by augmenting the GP's patientknowledge with historical information from a data-base containing the patient records. It is clear that systems science has a lot to offer in organising health monitoring and in the provision of health services.
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Report: Tools for System Management The influence of health & safety and legal requirements
The application of systems science in project design, implementation and assessment is often patchy. Systems management is often applied to projects only as an afterthought, well after the initial contractual phase has been instigated, and when the need for it has become painfully clear, for example when the health and safety case for a project has to be addressed, or when the project has gone awry, often as a result of emergent properties not envisaged at the beginning.
One driver for applying a systems analytical approach is the legal framework, where the contractors must show due diligence. In the case of upgrading mass transport systems, there is a legacy associated with the traditional approach to safety that needs to change when modern switch-gear, electronically controlled traction and computer assisted, automatic control systems are incorporated. In the case of major-hazard processes, both training and the safety case may become integral to the system design. A comprehensive safety analysis may be required, from component design and verification through to safety staff training. Some of the competence will lie outside the main contractor and user, for example when software certification is performed by external consultants. In the nuclear industry, the life-cycle is integrated with safety and has a strong legal framework with the concept of ALARP (risks being made "as low as reasonably practicable") being testable in the courts. However, the multiple interfaces to the public of mass transport systems make their safety cases equally if not more complex.
Coping with system legacy
Many airports are hitting the capacity wall, which means there is a pressing need to move up the safety/capacity curve. There is a requirement to increase traffic density, and this should be achievable in light of modern radar technology. The currently allowable density of traffic evolved from the discernible separation on a radar display of 40 years ago, and much better discrimination is achievable now. But the SOI (in this case, airport traffic control) and the WSOI (here, public protection concerns) are now "hard-wired" by international legislation. The key question therefore, is how to push through changes in traffic management when present codes are enshrined and fixed by international law. Moreover, significant changes in air transport will lead to multiple stakeholders changing their roles and responsibilities.
Progress is being made at the interface between technology and national and international governance bodies. Simulation modelling of 3D air traffic flow is being carried out, so that the consequences of adjusting separation minima can be examined. This work is forming the technical basis for a safety case. Meanwhile, the need for a novel, safety-validation framework was accepted by the 35th ICAO Assembly of 2004, and Eurocontrol, ECAC, EC and ICAO are actively involved in the drive to achieve international cooperation and acceptance. Nevertheless, timely and adequate involvement and investment are necessary, both at European and at national level.
Financial system modelling
A key question for financial system modelling is when to invest. Manchester University has developed a method for combining financial and technical modelling in real-options analysis of the time to invest based on optimal risk-taking. The system under study is a house taking electricity from either wind power or gas-fired generation. The mathematical model leads to a number of coupled partial differential equations that include the dynamics of the house's heating and lighting as well as optimal financial decision making. The model works at sub-second scale but needs to predict financing over several years. Conventional approaches are often not useful for many such problems as they require too many simulation runs, taking months or longer to produce usable results. But in this example, modelling has been successful at representing the effects of even sharp changes in demand. The principle of linking dynamic system behaviour with rational investment appraisal has been demonstrated and represents a new tool for systems science and engineering. The next step is to extend the principle to more complex systems.
Maintaining and developing systems science and engineering
There is a need to consolidate and advance the expertise of systems science in society, and more specifically within engineering itself. But there are concerns. For example, it is estimated that a third of the engineering capability in the USA is within five years of retirement. Changes are required now that will ensure the continuing contribution of systems management science and techniques to establishing the feasibility and ensuring the successful implementation of ever more complex and ambitious projects.
Conclusion
Systems management and systems thinking need to be at the heart of project management, from the project's inception to its end. The importance of systems engineering should be realised by the project manager and applied at all stages of the project. For this the project or system manager will need new and more sophisticated tools to augment the techniques already in use and under development. A key issue is the early identification of the emergent properties of a project.
Systems science and engineering need to pay attention to completeness -in the sense of establishing the extent of the WSOI. The identification and inclusion of a sufficient set of parameters associated with the WSOI are not trivial and may well take the systems engineer into the fields of economics, law, politics and societal concerns. In developing tools for systems management, those that can identify, manage and incorporate the "softer", non-deterministic aspects of system implementation and life-cycle must take a high priority.
The management of risk in such projects from external factorsenvironmental, economic, political and societal -becomes essential and the level of risk needs to be measured or estimated and then controlled. This will requires detailed oversight as well as a degree of human intuition from the project manager. But there is scope for the development of formal methods to assess this risk, with utility theory offering a possible way forward.
The Workshop's aims were to examine and review the tools and techniques used within the systems management of a number of diverse activities, to review synergies and to assess if there were opportunities to transfer knowledge between the activities. These aims were largely met. It is now for the Institute to build upon its historical interest in and sponsorship of systems engineering and work with other interested bodies to advance knowledge, education and wider participation in the important fields of systems science and systems engineering.
